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In-Situ Detection of Contaminant Plumes
in Ground Water

W. RUDOLF SEITZ

INTRODUCTION

The cone penetrometer provides a cost-effective
method for characterizing subsurface soil stratification
and determining permeability. The greater the permea-
bility, the greater the ability for ground water and con-
taminants to migrate. In addition, a penetrometer
equipped with additional instrumentation could attempt
to verify the presence of contaminants and determine
the gradient and boundary of a plume. The ability to
define the boundary of a plume depends on the levels
that can be detected by the instrumentation and the
accuracy of sampling and of the method itself. Since the
outer limit or boundary of a plume as established by the
regulatory community represents the legal limit of the
plume, any instrument that can verify the presence of
contaminants can assist in plume characterization,

This report reviews the current status of in-situ
sensing technologies that can potentially be used in
conjunction with the cone penetrometer to detect the
following types of plumes in ground water:

1. Petroleum fuels (aliphatic and aromatic hydrocar-
bons).

2. Chlorinated hydrocarbons.

3. Nitrated organics, primarily explosives.

4. Heavy metal ions (mainly from electroplating
wastes).

The cone penetrometer can be most effectively used
incombination with real-time continuous measurement
to get a profile of contaminant concentration vs depth.
However, the site characterization and analysis pen-
etrometer system (SCAPS) can also be used in an
attached sampling monitor mode and an unattached
sampling/monitoring mode.

Emphasis in this report will be on in-situ spectro-
scopic measurements through fiber optics. The poten-

tial for using fiber optics for in-situ measurements in
ground water was recognized several years ago
(Hirschfeld et al. 1983, Hirschfeld et al. 1984). More
recent progress in developing systems for in-situ analy-
sis is summarized in recent review articles (Angel 1987,
Seitz 1988, Wolfbeis 1988). The rationale for using
fiber optics fur in-situ environmental analysis has re-
cently been considered by Eccles and Eastwood (1989).
Itis assumedin this report that a large volume of sample
is available such that detection limits are gstablished by
the ability to measure low concentrations rather than the
ability to detect absolute amounts.

FIBER OPTICS AND SPECTROSCOPY

Traditionally, most spectroscopic methods of analy-
sis have been laboratory oriented. The sample has been
brought back to the laboratory and presented to the
spectrometer in a contrclled manner. Often the sample
is treated, e.g., with pH adjustment or addition of color-
forming reactants, to convert it to a form that is more
readily measured spectroscopically.

Recently, developments in fiber optic technology
have stimulated interestin applying spectroscopy insitu
using optical fibers to conduct light between the sample
and the spectrometer. In many contexts the spectrome-
ter can remain in the laboratory and be coupled to
remote sampling sites without serious losses in light
intensity. In the case of spectroscopic measurements
coupled to the cone penetrometer, it is envisioned that
the spectrometer would be permanently installed in a
mobile laboratory.

Plastic-clad silica is the preferred optical fiber for
measurements in the visible and ultraviolet regions of
the electromagnetic spectrum (Skutnik et al, 1988). Itis




available with numerical apertures as high as 0.48 and
transmits in the ultraviolet down to 220 nm. Attenuation
by the fiberincreases as wavelength decreases, compli-
cating remote measurements in the ultraviolet below
300 nm. Plastic-clad silica fibers are commonly avail-
able with core diameters of 0.20, 0.60 and 1.0 mm. The
larger diameter fibers allow for greatly enhanced light
transmission but are significantly more expensive. Fibers
with 0.60-mm core diameters provide a good compro-
mise between cost and throughput, and have been used
forremotelaser-induced fluorescence measurements of
aromatic hydrocarbons in water (Chudyk et al. 1985).
Glass fibers developed for coinmunications applica-
tions have extraordinarily high transmissionin the near-
infrared region of the spectrum but have low numerical
apertures and do not transmit below 380 nm.

There is considerable current interest in developing
fibers that conduct light at longer wavelengths, extend-
ing further into the infrared region of the spectrum
(Drexhage and Moynihan 1988). However, while de-
velopments in this area may enhance the capabilities of
infrared spectroscopy, this technique is not sensitive
enough to detect contaminant plumes in ground water.

A single fiber can be used to transport light both to
and from the sample. Optical arrangements for imple-
menting this are shown in Figure 1. However, while this
arrangement conserves fiber and provides a well-de-
fined reproducible geometry, it is subject to high levels
of stray light arising from reflections at interfaces where
there is a change in refractive index. Fluorescence can
be resolved from stray light using a monochromator or
filter because it occurs at longer wavelengths than the
stray light. However, the quality of the required optics
is higher when fluoresceiice has to be measured in the
presence of high levels of stray light.
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Figure 1. Schematic of arrangement for single fiber
measurements.
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Figure 2. Separate fibers used to conduct light to and
from the sample.

For in-situ ground-water monitoring, it is probably
wiser to use separate fibers to conduct light to and from
the spectrometer as shown in Figure 2. An experimen-
tal comparison of single vs dual fiber arrangements has
shown that fluorescence intensities observed forasingle
fiber measurement are not significantly greater than
those observed using a dual fiber arrangement (Louch
and Ingle 1988). As shown in Figure 2, collection
efficiencies are maximized during emission spectros-
copy by holding the two fibers at an angle relative to
each other such that there is maximum overlap between
the cone of radiation excited by the fiber from the source
and the cone of radiation accepted by the fiber leading
to the detection system (Plaza et al, 1986). Intensity can
be further enhanced by surrounding the excitation fiber
with several return fibers, as shown in Figure 2 (Schwab
and McCreery 1984, Plaza et al. 1986).

DIRECT SPECTROSCOPY

Because contact with the sample is not required,
direct spectroscopic detection of ground-water con-
taminants is the most attractive approach to in-situ
monitoring where applicable. Several types of spectro-
scopic measurements can be implemented through fi-
bers. Measures that can be taken to enhance sensitivity




generally increase the measurement time and thus can-
not be implemented with the cone penetrometer. Vari-
ous forms of spectroscopy are considered below.

Near infrared spectroscopy

Near-infrared (NIR) spectra are due to weak over-
tone and combination vibrational bands. Although they
appear weak and featureless, they can be recorded at
very low noise levels. This makes it possible to use
multivariate statistical methods to enhance small spec-
tral differences. This type of measurement is readily im-
plemented through optical fibers (Foulk and Gargus
1987, Weyer et al. 1987, Archibald et al. 1988). How-
ever, it is limited to major and minor constituents (com-
ponents present at levels > 1%) and requires. more a
priori knowledge of the sample type than would be
available if trying to make such measurements directly
with the cone penetrometer. This method is not suitable
for in-situ plume monitoring.

Raman spectroscopy

Raman spectroscopy is most frequently conducted at
wavelengths well out in the visible where optical fibers
transmitefficiently. Although Raman spectrahave been
measured in situ through fibers (Schwab and McCreery
1984, Archibald et al. 1988, Lewis et al. 1988, Leugers
and McLachlan 1989), the detection limits are on the
order of 1% and are not low enough to detect typical
contaminant levels in plumes. Detection limits for phe-
nols in the mg/L range have been obtained using con-
ventional Raman spectroscopy (Marley et al. 1985). A
special cell with a 1-m path length coupled to fiber
optics has been used to increase the in-situ sensitivity of
detection for normal Raman scatters to approximately 1
mg/L(Schwaband McCreery 1987). Resonance Raman
spectroscopy is capable of significantly lower detection
limits (Schwab and McCreery 1987). However, reso-
nance Raman spectroscopic analysis of ground-water
contaminants would be difficult technically and expen-
sive because it requires 1) laser excitation in the ultra-
violet, 2) a double or triple monochromator to resolve a
weak signal from a much stronger signal at nearby
wavelengths, and 3) ultrasensitive light detectionequip-
ment.

Interaction with a metal surface greatly enhances the
Raman effect and allows compounds to be detected at
much lower concentrations than possible with conven-
tional Raman spectroscopy (Carrabba et al. 1987). Be-
cause thistechnique, knownas surface enhanced Raman
spectroscopy, requires interaction between the analyte
and a surface, it is considered below as a spectroscopic
technique coupled to a chemical indicator. The “indica-
tor” is the surface that enhances the Raman effect.

The advantages of Raman spectroscopy fos in-situ
detection are that it can be applied to aqueous solutions
and can detect any organic contaminant. Dow Chemica!
Company has developed in-situ Raman spectroscopy
for process control applications (Leugers and McLach-
lan 1989). However, it is limited to constituents present
at> 1%.

Laser-induced fluorescence

Laser-induced fluorescence (LIF) is by far the most
promising of the direct forms of spectroscopy that can
be implemented through fiber optics. Fluorescence
methods are inherently sensitive, capable of measuring
concentrations in the part-per-billion range. A laser
provides intense highly collimated excitation radiation
that illuminates a precise area and can be efficiently
coupled into an optical fiber.

Of the four types of contaminant plumes considered
inthis report, LIF is applicable only to petroleum fuels,
responding to aromatic hydrocarbons. Heavy metals,
chlorinated and unchlorinated aliphatic hydrocarbons,
and nitroaromatic hydrocarbons do not fluoresce. Chlo-
rinated aromatics may fluoresce weakly but the pres-
ence of chlorine substituents reduces the efficiency of
fluorescence. At this point, the possibility of in-situ
fluorimetric detection of chlorinated aromatics remains
to be demonstrated.

Benzene, toluene and xylenes are the principal aro-
matic components of petroleum fuels. Naphthalenes
and other higher aromatics may occur in lesser amounts
but still at a level readily detected by fluorescence.
However, because higher aromatics are not as soluble in
water as other components of petroleum fuels, it is to be
expected that they will not migrate as rapidly in ground
water, Dyes added to oils would also migrate at their
own unique rate. Therefore, LIF techniques based on
detection of higher aromatics or dyes may not ade-
quately represent plume distribution. The author’s opin-
ionis that LIF techniques for mapping petroleum plumes
are properly focused on detection of single-ring aro-
matics even though, instrumentally, this is far more
challenging than detecting higher aromatics which
fluoresce with greater efficiencies at longer wave-
lengths,

The feasibility of detecting single-ring aromatics by
LIF coupled to fiber optics has been demonstrated
(Chudyk et al. 1985). The source was a frequency
quadrupled Nd-YAg laser emitting at 266 nm. Radia-
tion was coupled into a 0.60-mm core diameter plastic-
clad silica fiber. Separate fibers at an angle of 22" were
used to conduct light to and from the sample. Fiber
lengths up to 25 m were used. At the excitation wave-
length, 266 nm, the attenuation of plastic-clad silica is
approximately 500 dB/km. Experimentally the trans-




mittance of 25 m of 0.60-mm core diameter fiber was
found to be about 0.04.

Detection limits depend on the particular compound
and the measurement conditions. However, they are
well down in the part-per-billion range using a filter
with maximum transmittance at 320 nm to resolve
fluorescence. Typically, measurements required 3 to 5
minutes, corresponding to approximately 5000 laser
shots to build up a large integrated intensity value.
However, this could easily be shortened, although it
would necessarily involve some degradation in the
detection limit. Intensities measured by LIF have been
compared to the total aromatic content of gasoline mea-
sured by gas chromatography at a series of sites, includ-
ing 12 gasoline stations, two manufacturing companies
and one chemical company (Chudyk et al. 1989). The
correlation between the two methods is poor, with
differences exceeding an order of magnitude on many
samples. In particular, LIF gave higher results on samples
on which gas chromatography measured low aromatic
concentrations. While the origin of the discrepancies is
uncertain, the pattern of the data suggest that there may
be a background signal due either to natural fluores-
cence in the sample or increases in stray light levels
resulting fromthe highly scattering nature of the sample.

Although LIF shows promise fordirect in-situ detec-
tion of hydrocarbon plumes, actual performance will
have to be established in practice in comparison to other
methods,

Field LIF measurements made to date involve a
single intensity measurement. One way of enhancing
the information content is to measure intensities at
multiple wavelengths. Research to develop the instru-
mentation technology to do this is currently underway
at North Dakota State University (Gregory Gillespie,
Principal Investigator) and Tufts University (Jonathan
Kenny, Principal Investigator).

Refractive index detection

A variety of methods may be used to optically sense
refractive index. (Bobb et al. 1989). One approach is to
measure the intensity of light reflected at the end of a
fiber (Meyer and Eesley 1987). This could be readily
implemented for real-time in-situ refractive index
measurements with the cone penetrometer. However, it
might be subject to error due to extraneous light re-
flected back into the fiber by material outside the fiber.
An in-situ refractive index would indicate whether or
not the cone penetrometer was in contact with water. It
would also be useful in detecting pure contaminant or
high levels (> 0.1 to 1%) of contaminant. It would not
provide any information as to the identity of the con-
taminant since all organic contaminants of significance
have refractive indices greater than that of water.

SPECTROSCOPIC TECHNIQUES COUPLED
TO CHEMICAL INDICATORS

Petroleum fuels and other petroleum-derived prod-
ucts with aromatic components are the only type of
ground-water contaminants amenable to direct spectro-
scopic detection. Current research to develop methods
for in-situ detection of other types of plumes has con-
centrated on systems involving an “indicator” phase
that somehow interacts with the analyte to enhance its
spectroscopic detectability. Inevitably, time is required
for this interaction to take place. While the length of
time varies from system to system, none of the in-situ
techniques based on indicators is fast enough to be
incorporated into the cone penetrometer to piovide a
real-time continuous profile of concentration vs depth.
They would have to be used with the other sample
modes of the site characterization and-analysis pen-
etrometer system.

Nitro compounds

Amine-containing membranes

Zhang et al. have developed a primary amine con-
taining poly(vinyl chloride) (PVC) membrane that reacts
with 2,4,6-trinitrotoluene (TNT)and other polynitroaro-
matics to form a brown product (Zhang et al. 1989a,
Zhang et al. 1989b). The absorption maximum for
membranes exposed to TNT is at 510 nm. Because the
absorption spectra of the product differs for various pol-
ynitroaromatics, the membrane could potentially be
used to distinguish different explosives in a mixture.

Formation of the brown product is irreversible. The
measured parameter is the rate of color formation. For
a typical membrane formulation with a thickness of
0.36 mm, the initial rate of color formation is 0.001
absorbance unit per ppm TNT per minute, when mem-
branes are exposed to aqueous TNT standards (Zhang et
al. 1988b). This is independent of membrane area. The
detectability depends on the length of time between
exposing the membrane to TNT and measuring the
membrane absorbance, To get the detection limits be-
low 1 ppm, a typical plume level, it is necessary to wait
at least 10 minutes (assuming the minimum detectable
change in absorbance is 0.010). This is too long to allow
the membrane to be used for real-time detection with the
cone penetrometer, although it could be used with the
attached sampling mode.

Slow diffusion in the PVC membrane is the reason
that the TNT-sensitive membrane responds so slowly.
In principle, the same reagent system could be formu-
lated in a nonviscous liquid that could be held in place
by a thin TNT-permeable membrane, However, suc-
cessful development of such a system is uncertain,




Although the response time might be improved relative
to the PVC membrane, it is almost certainly would not
be fast enough to allow continuous profiling with the
cone penetrometer.

The color change occurring in PVC membranes has
been measured through asingle optical fiber (Zhang and
Seitz 1989, Zhang et al. 1989a). However, thismeasure-
ment is subject to relatively highlevels of stray light due
to reflection at interfaces where there is a change in
refractive index. For reasons discussed above, the two-
fiber arrangement shown in Figure 2 would be pre-
ferred. The measured parameter is the rate at which the
ratio of intensity at 824 nm to the intensity at 500 nm
increases. Because the brown product does not absorb
824-nm light, this wavelength serves as a reference to
compensate for variations in optical properties when
different PVC membranes are coupled to the fiber.

Because the measurement is based on absorption,
absolute intensity levels are considerably higher than
they are for fluorescence. A field instrument capable of
making this measurement could be constructed atmodest
cost (ca. $2000-$5000) using LEDs as light sources.
However, such an instrument has yet to be constructed.
Theentire system would have to be subjectto arigorous
evaluation in the field before it could be considered
sufficiently reliable for routine use.

The membrane has been showntorespond reliably to
TNT in munitions wastewater samples. There is no
detectable blank response when membranes are ex-
posed to uncontaminated ground water. The chemical
reaction that is believed to be responsible for formation
of the brown product is specific for polynitroaromatics.
In short, all available evidence suggests that the-mem-
brane is suitable for field use but it would be strongly
advisable to test its response on a larger number of
samples.

Fluorescence quenching

The author of this report is currently investigating an
alternative approach to the detection of nitrated organ-
ics based on fluorescence quenching. Pyrenebutyric
acid is incorporated into plasticized cellulose acetate
membranes. These membranes preconcentrate nitrated
organics. The presence of nitro compounds in the
membrane quenches pyrenebutyric acid fluorescence.
The membrane responds to all nitro compounds with its
sensitivity depending on the tendency of the nitro
compound to partition into the membrane. The fluores-
cence quenching approach offers the advantage that it
responds to hexahydro-1,3,5-trinitro-1,3,5-triazine
(RDX), an important nonaromatic explosive that is not
detected by the PVC membrane.

At this point much more work is required to develop
the fluorescence quenching approach. Detection limits

are in the 1- to 10-ppm range and response times are on
the order of an hour or more. Even if this approach is
successful, it will not be compatible with continuous
profiling with the cone penetrometer. It might, how-
ever, provide acontinuous reversible in-situ response to
nitrocompounds if the sensor was left in place in ground
water.

Volatile halogenated organics

Fujiwara reaction

Efforts to detect halogenated organics have centered
on the Fujiwara reaction shown in Figure 3. Haloge-
nated organics react with basic pyridine to form a fluo-
rescent red product. For sensing applications, the rea-
gentsare held atthe end of an optical fiberand prevented
from direct contact with the sample by a hydrophobic
membrane that is permeable to volatile halogenated
organics. The reaction is irreversible. When response
reaches a saturation level, the indicator reagents need to
be replaced. Fujiwara-reaction-based sensors cannot be
used for continuous in-situ monitoring.

The measured parameter is the rate of produce for-
mation determined either via the rate of increase in
fluorescence or absorbance. Initial studies were based
onthe rate of increase of fluorescence (Milanovich et al.
1986a, Milanovich et al. 1986b). More recently this
type of sensor has been used to determine chloroform
concentrations in the headspace of contaminated wells
(Herron et al. 1990). However, it is difficult to engineer
this systemto get reproducible responses from sensorto
sensor. Fluorescent product initially forms at the inter-
face where the halogenated organic first comes in
contact with the reagent. This is followed by movement
of the product with the reagent due primarily to convec-
tion, which does not occur in a reproducible way. The
primary cause of poor reproducibility is variation in the
position of the fluorescent product relative to the end of
the fiber. This affects both the excitation intensity and
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Figure 3. Fujiwara reaction.
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Figure 4. Schematic of indicator system for detecting
halogenated organics. The Teflon membrane serves as
a reflector to redirect excitation light back toward the
collection fiber.

the efficiency with which the fluorescence is collected.

Fluorescence measurements are also subject to satu-
ration due to the “inner filter effect.” As red product
accumulates, it absorbs a significant fraction of the ex-
citation radiation, which causes the observed fluores-
cence to be attenuated.

Recently, the possibility of sensing volatile haloge-
nated organics by measuring the increase in the absor-
bance of the red product has been demonstrated using
separate fibers to conduct light to and from the Fujiwara
reagent (Angel et al. 1990). The optical arrangement of
the reagent phase is shown in Figure 4. In this arrange-
ment the Teflon membrane serves as a reflector to
redirect the incident radiation back toward the fiber
leading to the detection system, The absorbance ap-
proach offers several important advantages. Sensor-to-
sensor reproducibility is greatly improved. One reason
is that, in the absorbance mode, all absorbing molecules
in the optical path affect the observed signal equally,
independent of how far they are from the end of the
fiber. Another reason is that the measured parameter is
the ratio of intensity at 530 nm, which the red product
absorbs strongly, to the intensity at 610 nm, which is not
absorbed. The use of a ratio measurement compensates
for variability in source intensity and the optical charac-
teristics of the indicator phase, most notably variations
in the position of the reflecting surface relative to the
ends of the two fibers.

The absorbance measurement also requires much
less intensity. This not only minimizes photodegrada-
tion as a source of error but also substantially simpiifies
instrumentation requirements, The investigators plan

to develop a LED-based instrument for in-situ absor-
bance measurements of volatile halogenated organics.
Becausethewavelengths requiredfor absorbance meas-
urements of volatile chlorinated hydrocarbons are very
similar to the wavelengths for determining polynitro
aromatics using an amine-impregnated PVC mem-
brane, a single instrument can be designed to do both
measurements.

The rate of response to chloroform is 0.15 absor-
bance unit per ppm per minute with a lag time of less
than one minute (Angel et al. 1990). This approaches

the response times required for continuous profiling ~

with the cone penctrometer. Since the reaction is irre-
versible, the measured parameter in acontinuous profil-
ing experiment would have to be the slope of the
response curve, i.e., the change in absorbance per unit
change in time. However, there is a dynamic range
problem. When the absorbance exceeds 1.00, the meas-
urementis approaching saturation and the slope changes.
Oncethis point is reached, the sensoris nolongerviable.

A possible alternative approach to profiling would
be to use multiple indicator phases at various distances
from the end of the cone penetrometer as shown sche-

matically in Figure 5. When the penetrometer had.

reached maximum depth, all indicator phases would be
exposed to vapor. The response foreach indjcatorcould
be measured on a rapid sequential basis using a single
spectrometer.

Polymers have been added to increase the viscosity
of the Fujiwara reagent and reduce the extent of convec-
tive mixing, which affects the reproducibility of fluo-
rescence measurements (Herron et al. 1990)
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Figure5.Schematic of arrangement for making several
measurements at different depths at the same time.




Refractive index

Trichlorethylene (TCE) in water and air has been
detected through fiber optics based on a change in re-
fractive index (Oxenford et al. 1989). The cladding is
stripped from the core of a fiber and replaced by a
coating that has an affinity for TCE. TCE causes a
change in the refractive index of the coating, which

affects the intensity of light transmitted through the

fiber. This approach has been more fully characterized
as a method for detecting hydrocarbon contaminants
(Klaineretal. 1988). Because it is reversible, the sensor
could be left in place in ground water and used for con-
tinuous in-situ monitoring. However, further work is
required to characterize this approach.

Another possible approach to in-situ detection of
halogenated hydrocarbons (and other species) is to
apply an RF discharge or an electrical spark to a sample
at the tip of an optical fiber. Preliminary experiments
have demonstrated response to chlorine-containing
compounds (Griffinetal. 1989). However, further work
is required before the feasibility of this approach can be
evaluated.

Hydrocarbons

Refractive index

Hydrocarbons in water and air have been detected
based on changes in refractive index (Kawahara et al.
1983). The core of an optical fiber is coated with a layer
that interacts with hydrocarbons, undergoing a change
in refractive index, This in turn affects the intensity of
light propagated through an optical fiber. Maximum
sensitivity tosmall changesinrefractiveindex isachieved
by designing the system so that the refractive index of
the coating is only slightly lower than the refractive
index of the core. Intensities propagated through the
fiber can be measured directly by placing a source and
a detector at opposite ends of the fiber. As shown in
Figure 6a, the coated section of fiber can be coiled to
make a relatively small sensing élement. Because light
penetrates into the coating for only a distance on the
order of a couple wavelengths, it is easy to make the
coating thick enough so that the light does not directly
interact with the sample and is not affected by turbidity.

Analternative arrangement for making the measure-
ment is shown in Figure 6b. The coating is placed on a
short length of fiber right near the end, and a fluorophor
is attached directly at the end (Klainer et al. 1988). The
measured parameter is the intensity of fluorescence.
The advantage of this arrangement is that the sensing
element is at the end of a fiber and can be inserted
directly into the sample.

The sensitivity of this approach to a particular com-
pound depends on the affinity of the coating for a

Cptical
Fiber

Source Detector

Element

a. Source and detector at opposite ends of the fiber.

Element

Fluorophor

b. Source and detector at the same end of the fiber.

Figure 6. Schematic of arrangement for refractive-
index-based sensors.

particular compound and the magnitude of the change
in refractive index when the compound partitions into
or onto the phase. In general, the less soluble a com-
pound, the more strongly it will partition into anorganic
coating and the more sensitively it can be detected. A
particular coating will be selective for a class of com-
pounds, e.g., aliphatic hydrocarbons, rather than re-
sponding to a particular compound. Up to a point,
sensitivity can be enhanced simply by coating a greater
length of fiber. However, a point will be ultimately
reached where sensitivity will be limited by thermal
fluctuations in refractive index.

Asensorforoil in waterhas been developed based on
the above principle (Kawahara et al, 1983). The core of
a fused silica fiber is reacted with octadecylsilane to
produce a lipophilic surface which adsorbs hydrocar-
bons. The sensor is more sensitive to aromatic hydro-
carbons because they have higher refractive indices
than aliphatic hydrocarbons. The detection limit de-
pends on both the refractive index of acompound and its
affinity for the modified surface. The detection limit for
crude oil was 3 mg/L. However, for many other com-
pounds like xylenes it was significantly higher. The
measurement was made with the transmission arrange-
ment shown in Figure 6a using a helium-neon laser as
the source.

Gasoline vapors have been detected using the optical
arrangement shown in Figure 6b (Klainer et al. 1988).




Response is reversible but quite slow. The response for
24-hourequilibration is considerably greater than for 3-
hour equilibration, indicating that the sensor is far from
equilibrium after 3 hours. The sensor responds to levels
as low as 1 pL gasoline/L air. It is not clear how this
translates to response to hydrocarbons in water.

In general, sensors in which the target contaminants
interact with a coating to produce a refractive index
change are too slow to be used for continuous profiling
with the cone penetrometer. However, because re-
sponse involves partitioning rather than a chemical
reaction, it is inherently reversible. Such a sensor could
potentially be placed in the proper location with the
cone penetrometerand used for continuous monitoring.
However, the sensitivity levels may be marginal for
such an application. Further research and development
would have to be done on the preparation and evaluation
of such sensors to establish that they could be used for
continuous in-situ ground-water monitoring. Although
the fiber optic gasoline sensor is or will be available
commercially, its primary application would be to look
for relatively high concentrations of gasoline near a
contamination source rather than the lower levels that
would be found in a ground-water plume.

Environment sensitive fluorescence

A fiber-optic sensor for gasoline vapors has been
prepared by incorporating an environment-sensitive
fluorophorinasiloxane polymeratthe tip of asingle op-
tical fiber (Walt et al. 1989). Gasoline vapors partition
into the polymer, modifying the microenvironment of
the fluorophor and causing an increase in fluorescence
intensity and a shift in the emission maximum to shorter
wavelength. The response of this sensor has yet to be
characterized in depth. It is doubtful that it will respond
rapidly enough to be useful for continuous profiling
with the cone penetrometer. While response is inher-
ently reversible, it would have to be established that the
fluorophoris sufficiently stable forlong-term use. While
the concept is interesting, further work is required to
determine whether it could be applied in a practical
context.

Surface Enhanced Raman Spectroscopy (SERS)
Adsorption on metal surfaces greatly enhances the
Raman effect. The possibility of using this effect for in-
situ analysis of ground-water contaminants is under
investigation (Carrabba et al. 1987, Carrabba 1988,
Carrabba et al. 1988, Vo-Dinh et al. 1988). The system
consists of an electrochemical cell designed so that
analyte adsorbs on a silver electrode positioned so that
compounds on the surface are efficiently excited. This
approach offers several attractive features. It can be
applied to any organic contaminant. In addition to spec-

troscopic selectivity, electrochemical selectivity canbe
achieved by taking advantage of variations in the poten-
tial dependence of adsorption for different compounds.
Sensitivity can be enhanced by allowing time for ana-
lyte to accumulate at the electrode. Because electro-
chemical cycling canbe used to renew the surface, itcan
be used for several sequential measurements in situ.

Design aspects of a SERS/electrochemistry system
for in-situ measurements have been addressed, and
several proof-of-principle experiments have demon-
strated its attractive features (Carrabba et al. 1987).
Nevertheless, the challenges of rendering this approach
practical in a field context are formidable. While excit-
ing progress has been made in improving detection
limits, it still remains to be shown that SERS/electro-
chemistry can detect contaminants in ground water at
the 10- to 100-ppb level common for many samples.
The transition from laboratory measurements of pre-
pared samples to field measurements of contaminantsin
ground water will almost certainly compound the sen-
sitivity problem. Samples that fluoresce will be subject
to high background signals. Other samples may contain
components that adsorb on the electrode and interfere
with the electrochemistry.

It will also be difficult to develop field instrumenta-
tion that performs as well as laboratory instrumentation.
Raman spectroscopy requires that a weak signal be
measured in the presence of a much larger signal at a
nearby wavelength. In the laboratory experiments to
demonstrate SERS/electrochemistry, a triple mono-
chromator was used to resolve the signal from the
nearby Rayleigh scatter. This is not only expensive but
delicate and not readily deployed in the field.

The time scale of SERS/electrochemistry depends
on the desired sensitivity but is on the order of minutes
ormore, It includes time to allow analyte to accumulate
on the electrode surface as well as time to acquire the
spectral data with adequate signal to noise.

Currently, further research must be completed be-
fore SERS/electrochemistry can be considered a seri-
ous candidate for practical in-situ contaminant meas-
urements in ground water. Even if this technique is
successfully developed, it will not be compatible with
the cone penetrometer because it cannot make measure-
ments on the required time scale.

Immunosensing

Immunochemical methods are based on the highly
selective interaction between an antibody and an anti-
gen. An in-situ immunochemical method for
benzo(a)pyrene has been developed by immobilizing
antibody to benzo(a)pyrene on the end of an optical
fiber (Vo-Dinh et al. 1987, Tromberg et al. 1988). The
measured parameter is the rate of increase in
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benzo(a)pyrene fluorescence as it binds to an antibody.
The detection limit was subanomolar for a 15-minute
incubation time.

Nonfluorescent analytes can be detected via the rate
atwhichthey displace fluorophor-labeled antigens from
antibodies immobilized atthe tip of an optical fiber (An-
derson and Miller 1988). The measured parameter in
this case is the rate at which fluorescence intensity
decreases due to displacement. The time scale of these
measurements is on the order of minutes, too long to be
implemented on the downstroke of the cone penetrome-
ter but the measurements may be taken on the upstroke
orread onaseparate attached monitor. They are specific
to particular compounds rather than responding to a
class of compounds. The approach is generic for ail
compounds against which antibodies can be prepared.
This includes substituted aromatics like TNT and mul-
tiring compounds like benzo(a)pyrene. Current research
is directed at developing immunochemical methods for
tetryl, benzene, dieldrin and para-chlorophenylmeth-
ylsulfone in environmental samples. The instrumenta-
tion used for in-situ measurements has used an argon
ion laser as the source with amonochromator to resolve
fluorescence from scattered excitation radiation.

Detection of metal jons and cyanide

There have been several reports of optical in-situ
measurement of metal ions (Saari and Seitz 1983,
Zhujun and Seitz 1985, Liebermanetal. 1987, Inman et
al. 1989, Suzuki et al. 1989). The indicator is a ligand
with fluorescence characteristics thatchange upon metal
ion binding. Most systems have involved nonfluores-
cent ligands that form fluorescent complexes. These
systems are limited to metal cations that form fluores-
cent complexes, Of the important metal ion contami-
nants, Cd(II) can be detected by this approach. Since
detection limits are on the order of 10 ppb, the method
has sensitivities approaching that required for ground-
water analysis. However, Pb(II), Hg(II) and Cr(III) do
not form fluorescent complexes.

Selectivity depends on the relative affinity of the
ligand for various metal ions. Response is inherently pH
dependent for most systems reported to date, because
the metal ion has todisplace one or more protons to form
a complex with the indicator ligand.

None of the metal jon sensing systems reported to
date meets the requirement for detecting ground-water
contaminants, However, in principle, it should be pos-
sible to find a system for detecting heavy metal cations.
It would have to be based on absorbance rather than
fluorescence in order to get response to the metal jons
that do not form fluorescent complexes. Sensitivity can
be enhanced by using a ligand with a high affinity for
metal ions and allowing time for metal ions to accumu-

late in the indicator phase. However, as with other
indicator systems, there will be a tradeoff between
sensitivity and time. While the exact time required
would depend on the specifics of a system, the author
estimates that it would be on the order of 10 to 30
minutes. Almost certainly it would be too long to be
implemented for real-time sensing with the cone pen-
etrometer.

The simplest approach for developing a metal ion
sensor is to immobilize the indicator on a solid phase at
one end of an optical fiber. A more powerful approach
is to design the system to provide a constant supply of
indicator to the tip of the fiber. Since the indicator is
constantly renewed, photodegradation is much less of a
problem. Also sensors can be designed to respond
continuously on a steady state basis. A pressurized
membrane indicator system has been used to supply
indicator to a fluorigenic fiber-optic metal ion sensor
system (Inman et al. 1989). Another attractive approach
is to use a controlled release polymer to provide a
constant supply of indicator to a sensor. Although this
has not been used with metal ion sensors, it has been
successfully impleniented with pH indicators (Luo and
Walt 1989).

Because metal oxyanions do not form complexes, an
indicator system fordichromate would have to be based
onadifferent principle. Todate, there have notbeen any
efforts to develop a system for in-situ optical detection
of dichromate.

One of the earliest reports of fiber optic chemical
sensors described an indicator for cyanide (Hardy et al.
1985). However, emphasis was on demonstrating a
principle and very little detail was provided. There has
not been any further work on cyanide.

The Office of Naval Research has recently made the
development of trace metal biosensors a high priority
research area. Research funded by this initiative may
lead to improved methods for in-situ metal analysis that
can be applied to contaminant plumes.

NONSPECTROSCOPIC TECHNIQUES

Hydrocarbons in fuel plumes and halogenated or-
ganic solvents cannot be determined electrochemically.
Aromatic nitro compounds have been detected voltam-
metrically at concentrations approaching those occur-
ring in contaminated ground water (Whitnack 1963).
Pb(II) and Cd(II) are readily determined by electro-
chemical methods. The sensitivity of direct electro-
chemical methods, e.g., pulse voltammetry, approaches
the level required for contaminated ground water.
Sensitivity can be further enhanced by using the tech-
nique of anodic stripping voltammetry. A metal ion is




reduced at an electrode under controlled conditions for
aknown period of time. The voltage is then scanned an-
odically and the current required to reoxidize the metal
ion is measured,

Voltammetric methods have fallen into disrepute in
recent years. They are subject to interferences and
surface contamination. Other analytical approaches are
considerably more “rugged” and do not require as high
a degree of operator expertise as electrochemistry. For
this reason, there has not been significant activity in ap-
plying voltammetric methods for in-situ detection of
metal ions in spite of the fact that these should be
applicable in favorable contexts.

SUMMARY

This report describes in-situ analysis of ground-
water contaminants by methods that can potentially be
implemented with the cone penetrometer, a device for
rapid deployment from the surface down to ground
water, Sensors can be mounted directly in the pen-
etrometer for real-time analysis during ground penetra-
tion. Alternatively, the site characterization and analy-
sispenetrometersystem (SCAPS)allows attached/disat-
tached (drop-off) modes of sampling/monitoring. The
report emphasizes detection limits since they define the
detectable outer limits of a contaminant plume. Several
types of spectroscopic measurements including fluo-
rescence, Raman and near-infrared absorption are read-
ily implemented in situ through fiber optics. However,
of these, only laser-induced fluorescence (LIF) has the
sensitivity required to detect typical contaminant levels
in ground-water plumes with response times short
enough forreal-time detection withthe cone penetrome-
ter. Although LIF has been applied for in-situ detection
of hydrocarbons, further development work is required
to establish the type of response that is observed and to
correlate it with hydrocarbon levels. LIF is not appli-
cableto othertypes of contaminants because they donot
fluoresce.

Indicator systems based on irreversible reactions to
form absorbing products have been developed for sen-
sitive (i.e., detection limits as low as 10 pg/L) in-situ
detectionof chlorinated hydrocarbons and polynitroaro-
matic hydrocarbons. The instrumentation requirements
are quite modest. However, because the time scale of
the measurement is on the order of minutes for the chlo-
rinated hydrocarbons and hours for polynitroaromatics,
these systems are not compatible with real-time opera-
tion of the cone penetrometer although they could be
used with the SCAPS.

Reversible refractive-index-based detection hasbeen
demonstrated for hydrocarbons in gasoline and for
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chlorinated hydrocarbons. Response times are too slow
for the cone penetrometer because it is necessary to
preconcentrate analyte to get detection limits down to
the mg/L level. With further development, refractive-
index-based detection may provide a method for con-
tinuously detecting elevated levels of organic contami-
nants in ground water.

Metal cations may be detected spectroscopically by
reacting them with indicators to form colored com-
plexes, However, this type of detection requires consid-
erable further work before it can be adapted to in-situ
detection of metal cations in ground water. In-situ
detection of anions such as cyanide and dichromate is a
difficult problem that is not currently being addressed.

Ion selective electrodes can detect Pb(II), Cd(ll),
Cu(Il) and cyanide at levels approaching 0.10 mg/L but
are subject to drift and do not respond to metal ion or
ligands in complex ions. Amperometric methods can be
used to detect heavy metal cations such as Pb(lI) and
Cd(II). However, preconcentration techniques are re-
quired to detect levels below about 0.5 mg/L. Electro-
chemical methods are subject to error due to contamina-
tion of the electrode surface and require a high degree of
operator skill. Surface acoustic wave detectors could
potentially be used to detect volatile contaminants in
situ although to date no work has been done in this area.
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